In Culex quinquefasciatus, CquiOR91 is the ortholog of 2 larvae-specific odorant receptors (ORs) from Anopheles gambiae (Agam\Or40, previously shown to respond to several odorant ligands including the broad-spectrum repellent N, DEET) and Aedes aegypti (Aaeg\Or40). When we cloned full-length CquiOR91 from a Culex quinquefasciatus larval head RNA sample, we found 2 alleles of this OR, differing at 9 residues. Functional analysis using the Xenopus oocyte expression system and 2-electrode voltage clamp electrophysiology revealed one allele (CquiOR91.1) to be nonfunctional, whereas the other allele (CquiOR91.2) was functional. Receptors formed by CquiOR91.2 and Cqui\Orco responded to (−)-fenchone, (+)-fenchone, and DEET, similar to what has been reported for Agam\Or40. We also identified 5 novel odorant ligands for the CquiOR91.2 + Cqui\Orco receptor: 2-isobutylthiazole, veratrole, eucalyptol, d-camphor, and safranal, with safranal being the most potent. To explore possible reasons for the lack of function for CquiOR91.1, we generated a series of mutant CquiOR91.2 subunits, in which the residue at each of the 9 polymorphic residue positions was changed from what occurs in CquiOR91.2 to what occurs in CquiOR91.1. Eight of the 9 mutant versions of CquiOR91.2 formed functional receptors, responding to (−)-fenchone. Only the CquiOR91.2 Y183C mutant was nonfunctional. The reverse mutation (C183Y) conferred function on CquiOR91.1 , which became responsive to (−)-fenchone and safranal. These results indicate that the "defect" in CquiOR91.1 that prevents function is the cysteine at position 183.
Introduction
Olfaction is a critical driver of many insect behaviors, such as feeding, mating, and oviposition. Disease vector mosquitoes are no exception, using a variety of olfactory cues, as well as heat and visual cues, to locate and feed on humans (Gibson and Torr 1999) . Olfactory cues are detected by multiple receptors, including odorant receptors (ORs) and members of the gustatory receptor (GR) family, as well as the ionotropic glutamate receptor-like ionotropic receptors (Hallem, Ho, et al. 2004; Lu et al. 2007; Benton et al. 2009; Carey et al. 2010; Wang et al. 2010; Erdelyan et al. 2012; DeGennaro et al. 2013; McMeniman et al. 2014) . Insect ORs are a novel class of ligand (odorant) gated ion channel (Sato et al. 2008; Wicher et al. 2008 ) located on the dendrites of olfactory sensory neurons. These receptors are formed by an invariant subunit (the OR coreceptor subunit, known as Orco, Vosshall and Hansson 2011) that is highly conserved across species and one of a large number of highly variable odorant selectivity subunits (Krieger et al. 2003; Larsson et al. 2004; Pitts et al. 2004; Jones et al. 2005; Nakagawa et al. 2005; Neuhaus et al. 2005; Benton et al. 2006; Vosshall and Stocker 2007) . Both Orco and the odorant selectivity subunits are thought to contribute to the structure of the ion pore (Sato et al. 2008; Nichols et al. 2011; Pask et al. 2011) .
The southern house mosquito, Culex quinquefasciatus, deploys a large repertoire of ORs, formed by Orco and 176 odorant selectivity subunits . Female Culex mosquitoes feed on birds and humans, thus acquiring and transmitting West Nile virus in the United States. Culex mosquitoes are also prominent vectors for other human diseases in the rest of the world, including filariasis and various types of encephalitis (Nasci and Miller 1996) . Recent evidence suggests that C. quinquefasciatus is also a potential vector for Zika virus (Franca et al. 2016 ). Attempts to deorphanize OR genes from C. quinquefasciatus Pelletier et al. 2010; ) have been challenging in part because of the high degree of polymorphism. Indeed, Culex mosquitoes have the highest density of single-nucleotide polymorphism of mosquito species studied to date (Lee et al. 2012) .
Comparative analyses have revealed that mosquito OR repertoires are highly diversified, with many species-specific expanded OR lineages and only a few orthologs conserved across species (Bohbot et al. 2007; Sánchez-Gracia et al. 2009; Pelletier et al. 2010) . At the larval stage, mosquitoes express only a subset of ORs, including a conserved subgroup comprised of Agam\Or40 (AGAP002558), Aaeg\Or40 (AAEL005767), and CquiOR91 (CPIJ009579) (Bohbot et al. 2007; Xia et al. 2008; Leal et al. 2013) . Agam\Or40 was shown to respond to several compounds, including fenchone and the broad-spectrum repellent N,Ndiethyl-3-methylbenzamide (DEET) (Xia et al. 2008) . The relatively high conservation across orthologs at the protein level (45-56% identity), combined with the larvae-specific expression suggests that these ORs might contribute to mediating important larvae-specific behaviors in different mosquito species. Our attempts to clone CquiOR91 from larvae antennal tissues revealed the presence of 2 alleles, differing at 9 amino acid positions. This intriguing discovery prompted us to investigate the functional significance of these differences by examining the 2 different alleles of CquiOR91 in the Xenopus oocyte expression system.
Materials and methods

Materials
Xenopus laevis frogs were purchased from Nasco. The care and use of frogs in this study were approved by the University of Miami Animal Research Committee and meet the guidelines of the National Institutes of Health. Odorants and other chemicals were from Sigma-Aldrich.
Mosquitoes
Culex quinquefasciatus mosquitoes used in this study were from a laboratory colony originated in the 1950s from mosquitoes collected in Merced, CA (McAbee et al. 2004 ). Mosquitoes were kept in the laboratory at 27 ± 1 °C, under a photoperiod of 16:8 h light:dark and relative humidity of 75%.
Cloning and sequencing of CquiOR91
Twenty heads of last instar C. quinquefasciatus larvae were dissected and total RNA was extracted with Trizol (Thermo Scientific, Waltham, MA), following the manufacturer's instructions. Reverse transcription and amplification of CquiOR91 were performed in one step using the OneStep real-time polymerase chain reaction (RT-PCR) kit (Qiagen, Valencia, CA). Gene-specific primers (0.6 µM final concentration) and larval RNA (1 µg) were used in a 50 µl reaction, following the manufacturer's instructions. Reverse transcription and amplification of CquiOR91 were performed using the following conditions: 50 °C for 30 min (reverse transcription); 95 °C for 15 min (PCR activation); 40 PCR cycles of 94 °C for 30 s, 60 °C for 30 s, and 72 °C for 1 min 30 s followed by a final elongation step of 72 °C for 10 min. A PCR product at the expected size was purified from an agarose gel using the Qiaquick Gel Extraction Kit (Qiagen, Valencia, CA) and ligated into an EcoRV-digested pBluescript plasmid using T4 DNA ligase (Promega, Madison, WI). The ligation product was used to transform OneShot OmniMAX competent cells (Thermo Scientific, Waltham, MA). Twelve independent CquiOR91 clones were purified using the Plasmid Miniprep Kit (Qiagen, Valencia, CA) and sequenced (Davis Sequencing Inc, Davis, CA). The clones for both CquiOR91 versions, further named CquiOR91.1 and CquiOR91.2, were amplified from appropriate pBluescript plasmid templates using PfuUltra II Fusion DNA polymerase (Agilent Technologies, Santa Clara, CA) and transferred into a BamHI/EcoRI-digested pGEMHE plasmid (Liman et al. 1992; Hughes et al. 2010) . The integrity of pGEMHE-CquiOR91.1 and pGEMHE-CquiOR91.2 sequences was verified by sequencing (Davis Sequencing Inc, Davis, CA). The sequences of CquiOR91.1 and CquiOR91.2 were released into the GenBank database under the accession numbers KX527860 and KX527861, respectively. Primers used for RT-PCR: CquiOR91f: 5′-ATGGATAAACTTCCGACGCGCAGTCC-3′ CquiOR91r: 5′-TTACTGTTGTAATTTCTTGAGCAGTGTGTA-3′ Primers used for subcloning into pGEMHE: BamHI-CquiOR91f: 5′-TTAATGGATCCATGGATAAACTTCCGA CGCGCAG-3′ EcoRI-CquiOR91r: 5′-ATAATGAATTCTTACTGTTGTAATTTC TTGAGCA-3′ Cqui\Orco was isolated and inserted into the pGEMHE vector as described in our previous work Pelletier et al. 2010) . Mutations were introduced using QuikChange Lightning kits (Stratagene). Each mutant construct was verified by sequencing.
Expression of ORs in Xenopus oocytes
Oocytes were surgically removed from mature X. laevis frogs and follicle cells removed by treatment with collagenase B (Roche Applied Science) for 2 h at room temperature. Capped cRNA encoding each OR subunit was generated using mMessage mMachine kits (Ambion). Oocytes were injected with 25 ng of cRNA encoding each subunit and incubated at 18 °C in Barth's saline (in mM: 88 NaCl, 1 KCl, 2.4 NaHCO 3 , 0.3 CaNO 3 , 0.41 CaCl 2 , 0.82 MgSO 4 , 15 2-[4-(2-hydroxyethyl)piperazin-1-yl]ethanesulfonic acid (HEPES), pH 7.6, and 150 µg/ml ceftazidime) for 2-6 days prior to electrophysiological recording.
Electrophysiology and data analysis
Odorant-induced currents were recorded under 2-electrode voltage clamp using an automated electrophysiology system (OpusXpress 6000A, Molecular Devices). Oocytes were perfused with ND96 (in mM: 96 NaCl, 2 KCl, 1 CaCl 2 , 1 MgCl 2 , 5 HEPES, pH 7.5). Odorant stock solutions (usually 1 M) were prepared in dimethyl sulfoxide (DMSO). Odorants were diluted from stock into ND96 on the day of experimentation. Odorants were applied to the oocytes for 20 s at a flow rate of 1.65 ml/min, with extensive washing in ND96 (4.6 ml/ min) between applications. Micropipettes were filled with 3 M KCl and had resistances of 0.2-2.0 MΩ. The holding potential was −70 mV. Current responses, filtered (4-pole, Bessel, low pass) at 20 Hz (−3 db) and sampled at 100 Hz, were captured and stored using the OpusXpress 1.1 software (Molecular Devices).
Initial analysis was done using Clampfit 9 software (Molecular Devices). Concentration-response analysis was done by using PRISM 5 (GraphPad, San Diego, CA). Concentration-response curves were fit according to the equation: I = I max /(1 + (EC 50 /X) n ), where I represents the current response at a given concentration of odorant, X; I max is the maximal response; EC 50 is the concentration of odorant yielding a half-maximal response; and n is the apparent Hill coefficient.
Results
CquiOR91.2, but not CquiOR91.1, forms functional receptors
In order to test whether CquiOr91 is functionally similar to Agam\Or40, we cloned the full-length receptor from a C. quinquefasciatus larval head RNA sample. Surprisingly, the sequencing of several independent CquiOR91 clones revealed 2 alleles of this OR differing at 9 residues (Figure 1), suggesting that these 2 forms might interact differently with odorant molecules. To understand the functional significance of these amino acid changes, we designed experiments to characterize the response profiles of both CquiOR91 alleles, hereafter named CquiOR91.1 and CquiOR91.2.
To functionally characterize the 2 forms of CquiOR91, we turned to the Xenopus oocyte expression system. Xenopus oocytes allow rapid, functionally accurate expression of a wide variety of receptors and channels, including insect ORs . Odorant specificity information obtained for ORs expressed in Xenopus oocytes (Wanner et al. 2007; Nichols and Luetje 2010; Wang et al. 2010; Nichols et al. 2011 ) is comparable with odorant specificity information obtained for ORs expressed in the somewhat more "in vivo" Drosophila "empty neuron" expression system (Hallem, Nicole Fox, et al. 2004; Hallem and Carlson 2006; Carey et al. 2010) . Oocytes were injected with mRNA encoding each form into Xenopus oocytes, in combination with mRNA encoding the Culex OR coreceptor subunit (Cqui\Orco). Function was then assessed using 2-electrode voltage clamp electrophysiology. Based on the published characterization of Agam\Or40 (Xia et al. 2008) , we used (+)-fenchone and (−)-fenchone as test ligands. Oocytes expressing CquiOR91.2 and Cqui\Orco responded robustly to application of 30 µM of each fenchone ( Figure 2A ). In contrast, oocytes injected with mRNA encoding CquiOR91.1 and Cqui\Orco failed to respond to 1 mM (−)-fenchone (n = 21) or to 1 mM (+)-fenchone (n = 6). The CquiOR91.2 + Cqui\Orco receptor displayed comparable sensitivities to (+)-fenchone and (−)-fenchone, with EC 50 's of 107 ± 34 µM and 125 ± 43 µM, respectively ( Figure 2F -G, Table 1) . Similar to what has been reported for Agam\Or40 (Xia et al. 2008) , we found that receptors formed by CquiOR91.2 could also be activated by DEET ( Figure 2B ,G, Table 1 ), albeit only at concentrations of 1 mM and greater. The high concentrations of DEET required to Figure 1 . Location of variable residues within a predicted secondary structure of CquiOR91.2. Snake plot representation of a predicted secondary structure of CquiOR91.2. The 9 positions that differ in CquiOR91.1 are indicated as the Or91.2 residue and Or91.1 residue inside a black circle. The image was constructed by hand, based on secondary structure analysis using Network Protein Sequence Analysis (Combet et al. 2000) and transmembrane domain estimation using TMpred (Hofmann and Stoffel 1993) elicit a response from the CquiOR91.2 + Cqui\Orco receptor raised 2 concerns. First, we prepared DEET as a high concentration stock (1 M) in DMSO. Thus, a 10 mM DEET application in our experiment was also an application of 1% DMSO. However, we found that oocytes expressing the CquiOR91.2 + Cqui\Orco receptor, confirmed by robust response to 30 µM (−)-fenchone, did not respond to an application of 1% DMSO ( Figure 2C , n = 8). A second concern is that the DEET responses we observed might be non-specific and not receptor mediated. For this reason, we also tested the highest concentration of DEET (10 mM) against sham (water) injected oocytes. Although oocytes expressing the CquiOR91.2 + Cqui\Orco receptor responded to 10 mM DEET with current amplitudes of 61 ± 13 nA (n = 4), application of 10 mM DEET to sham injected oocytes ( Figure 2C ) yielded current amplitudes of only 2.0 ± 0.5 nA (n = 7). The highly significant difference between these current responses (P = 0.0002, t-test) indicates that the DEET responses we observe with CquiOR91.2 + Cqui\Orco expressing oocytes are indeed receptor mediated. Thus, DEET is a weak agonist of the CquiOR91.2 + Cqui\Orco receptor. Oocytes injected with mRNA encoding CquiOR91.1 and Cqui\Orco failed to respond to 10 mM DEET (n = 6) or 30 mM DEET (n = 6) ( Figure 3E) .
A possible explanation for our failure to observe function for the CquiOR91.1 + Cqui\Orco receptor is that one or more of the 9 amino acid differences between CquiOR91.1 and CquiOR91.2 may have altered the ligand specificity of the subunit. That is, the CquiOR91.1 + Cqui\Orco receptor might have a ligand specificity that is distinct from that of the CquiOR91.2 + Cqui\Orco receptor. In an attempt to identify a ligand that can activate the CquiOR91.1 + Cqui\Orco receptor, we screened with a diverse panel of 155 odorants that broadly samples odor space (Li et al. 2012 ). The odorant panel was applied as a series of 8 mixtures (Table 2) , with each mixture containing 17-20 compounds each at a concentration of 30 µM. Oocytes injected with mRNA encoding CquiOR91.1 and Cqui\ Orco failed to respond to any of the 8 odorant mixtures, whereas oocytes expressing the CquiOR91.2 + Cqui\Orco receptor responded to several of the mixtures ( Figure 3A ). This result suggests that the CquiOR91.1 + Cqui\Orco receptor is either nonfunctional or is failing to form. However, because it is not feasible to screen every potential odorant ligand (of which there are millions), it is possible that a functional CquiOR91.1 + Cqui\Orco receptor is present and we have simply failed to apply the appropriate ligand (but see below).
The responses of the CquiOR91.2 + Cqui\Orco receptor to multiple mixtures in Figure 3A suggested that novel odorant ligands were present in those mixtures. To identify individual compounds within the mixtures that are activating the CquiOR91.2 + Cqui\ Orco receptor, we first subdivided the active mixtures ( Figure 3B ) and then screened individual components of the active submixtures ( Figure 3C, D) . We identified 5 novel odorant ligands for the CquiOR91.2 + Cqui\Orco receptor: 2-isobutylthiazole, veratrole, eucalyptol, d-camphor, and safranal ( Figure 3C-E) . Safranal yielded the largest responses, and concentration-response analysis showed that this compound was considerably more potent than either (+)-fenchone or (−)-fenchone at this receptor (EC 50 = 6 ± 2 µM).
Oocytes injected with mRNA encoding CquiOR91.1 and Cqui\Orco did not respond to a high concentration (1 mM) of these 5 novel odorant ligands ( Figure 3F , n = 8). In addition, oocytes injected with mRNA encoding CquiOR91.1 and Cqui\Orco did not respond to a high concentration (1 mM) of 6 odorants previously shown to activate receptors formed by Agam\Or40 + Agam\Orco (Xia et al. 2008 ) ( Figure 3G , n = 7).
A single amino acid change is responsible for the loss of function of CquiOR91.1 receptor
To explore possible reasons for our failure to observe function for the CquiOR91.1 + Cqui\Orco receptor, we generated a series of mutant CquiOR91.2 subunits, in which the residue at each of the 9 positions that differ between subunits was changed from what occurs in CquiOR91.2 to what occurs in CquiOR91.1. Each of these CquiOR91.2 mutants was coexpressed with Cqui\Orco in Xenopus oocytes and assayed for responsiveness to 1 mM (−)-fenchone. Eight of the 9 mutant versions of CquiOR91.2 were consistently able to form functional receptors and respond to (−)-fenchone ( Figure 4A,B) , suggesting that these residue changes were not critically involved in the apparent loss of function seen with CquiOR91.1. It is tempting to focus on the several mutations, such as M145I and N427Y, that appeared to dramatically decrease or increase the function or expression of the receptor. However, expression levels of exogenous receptors can vary dramatically among oocytes from a single batch, as well as among oocytes from different batches, whether from different frogs or from different surgeries from the same frog . Thus, direct comparison of current amplitudes between oocytes should be avoided, if at all possible. Accordingly, we conclude simply that each of these 8 mutants was consistently functional. In contrast, oocytes injected with mRNA encoding CquiOR91.2,Y183C and Cqui\Orco consistently failed to respond to (−)-fenchone. To determine whether this single amino acid change was solely responsible for the lack of observable function for CquiOR91.1, we constructed a mutant version of CquiOR91.1 in which the cysteine at this position was changed to a tyrosine, as in CquiOR91.2. In contrast to wt CquiOR91.1, the mutant CquiOR91.1,C183Y was able to form a functional receptor when coexpressed with Cqui\Orco ( Figure 4A,B) . The CquiOR91.1,C183Y + Cqui\Orco receptor displayed sensitivities to (−)-fenchone and safranal (EC 50 's = 148 ± 40 µM and 30 ± 7 µM, respectively) that were similar to what we observed for the CquiOR91.2 + Cqui\Orco receptor. These results suggest that the sole "defect" in CquiOR91.1 is the cysteine at position 183. In a predicted secondary structure of the CquiOR91 subunit (Figure 1 ), residue 183 is located in the second extracellular loop, a region thought to play a role in the structure of the ligand-binding site of these receptors . Thus, it may be that the CquiOR91.1 subunit is forming a receptor with Cqui\Orco but that this receptor has a defective ligand-binding site. To test this possibility, we took advantage of our previous findings, with ORs from several species, that heteromeric OR complexes are more sensitive to activation by Orco agonists than are the Orco homomers . When we used the Orco agonist OLC12 to activate the homomeric Cqui\Orco receptor, we obtained an EC 50 of 82 ± 6 µM ( Table 1 ). The CquiOR91.2 + Cqui\Orco receptor was significantly more sensitive to OLC12, displaying an EC 50 of 35 ± 9 µM (P = 0.0109, F-test). In contrast, oocytes injected with mRNA encoding the CquiOR91.1 subunit and Cqui\Orco responded to OLC12 with an EC 50 (88 ± 5 µM) that was indistinguishable from the Cqui\Orco homomer (P = 0.5507, F-test) . This result suggests that CquiOR91.1 is not present in a complex with Cqui\Orco and that the failure to yield odorant responses is not merely due to a defect in the binding site.
Discussion
The identification of a single amino acid change responsible for the loss of function of CquiOR91 is intriguing. The CquiOR91 reference Table 2 . Continued sequence in VectorBase (CPIJ009579) harbors the tyrosine residue in position 183, similar to the functional CquiOR91.2 allele, suggesting that the functional form might be predominant in nature, at least in the Johannesburg strain that was used to establish the genome sequence. The possibility that the nonfunctional allele is derived from mutation events that occurred exclusively in the laboratory colony is highly unlikely because CquiOR91.1 and CquiOR91.2 display 8 polymorphic residues, in addition to the variant at position 183. On the other hand, the presence of the nonfunctional allele in our mosquito colony might be a "genetic drift" effect due to the small size of the colony, possibly facilitated by the artificial rearing conditions.
The functional characterization of CquiOR91.2 provides another instance of orthologous mosquito ORs that retain similar functions across species. With some overlap between our screening panel and the panel used to characterize Agam\Or40 (Xia et al. 2008) , we can compare response profiles of the 2 ORs. Both ORs responded to fenchone and DEET (although the CquiOR91.2 response to DEET was quite weak), but failed to respond to indole, 2-acetylpyridine, 2-acetylthiazole, 2-ethoxythiazole, isoamyl acetate, 6-methyl-5-hepten-2-one, and 2-nonanone. There were also some differences between the 2 receptors, with Agam\Or40 receptors responding modestly to p-cresol and carvone, whereas CquiOR91.2 receptors did not respond to these odorants. Also, CquiOR91.2 receptors responded modestly to 2-isobutylthiazole, whereas Agam\Or40 receptors did not. The similarity between the response profiles of CquiOR91.2 and Agam\Or40 suggest that different mosquito species are equipped with ORs that are able to detect a common set of ligands that are important for survival at the larvae stage. Our screening experiments also identified a novel ligand, safranal, as the most potent agonist for CquiOR91.2. At present, it is not known whether safranal is also a potent ligand for Agam\Or40 or Aaeg\Or40.
CquiOR91.2 also displayed functional similarity to Agam\Or40 in responding to the insect repellent DEET, albeit only at very high concentrations. The complete mode of action of DEET is still a matter of considerable debate (Ditzen et al. 2008; DeGennaro et al. 2013; Xu et al. 2014; Silbering et al. 2016) . DEET is both a spatial and a contact repellent, acting as both an odorant and a tastant, most likely affecting multiple receptors. Recently, a DEET-sensitive OR (Cqui\Or136) was identified in the genome of the southern house mosquito (Xu et al. 2014) . In contrast to CquiOR91, which is expressed in larvae and has orthologs in the Aedes and Anopheles mosquitoes, Cqui\Or136 is expressed in adult female antennae and has no apparent orthologs in the other 2 mosquito species. It is likely that additional DEET-sensitive ORs, in addition to DEET-sensitive GRs, remain to be discovered.
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